ABSTRACT. An X-ray diffraction method has been successfully applied to the quantitative determination of mineral mixtures. The absorptive properties of the samples and the number of components determine the analytical procedure to be used. The methods described (external standard plus empirical determination of the mass attenuation coefficient) provides an accurate and rapid alternative to the direct measurement of the mass attenuation, Compton diffusion or internal standard methods. The relative accuracy obtained is of the order of 10% at the 0.1% level, independent of the sample composition. KEYWORDS: X-ray diffraction, mineral mixtures, mass attenuation coefficient.
DETERMINATION of the quantity of a particular mineral present in a rock by X-ray diffraction methods involves the measurement of the intensity of X-ray peaks for that mineral and comparison with calibration standards. Correlation of the peak intensities with mineral concentration depends on the extent to which the reproducibility can be controlled by instrumental and specimen preparation techniques (Brime, 1978) .
In order to test whether a relation exists between the actual quantity of a mineral on the sample mount and the quantitative results of the X-ray diffraction analysis, a study of three different methods for the conversion of intensities into concentration was carried out. None of the methods studied involve the mixture of the unknown sample with an internal standard.
Mineral percentage calculation. Selection of the analytical procedure
The expression for the intensity of a reflection in a powder diffraction pattern is well established and described elsewhere (Cullity, 1956; Azaroff, 1968) . Alexander and Klug (1948) showed that the X-ray intensity (I.) from the p component can be related to the weight fraction of the component (%) by the equation:
Copyright the Mineralogical Society 
Equation (3) was first derived by Alexander and Klug (1948) , where a = #~/1~, and is represented in fig. 1 for different values of ~.
Materials
The attenuation properties of the sample and the number of components present determine the analytical procedure to be used.
A number of samples was selected covering a range of cinnabar content, and their mineralogical composition was determined by means of X-ray diffraction using Ni-filtered Ca-Ks radiation. The scan was made between 20 = 7 ~ and 62 ~ corresponding to values old between 12.6 and 1.496 A.
The main component of the samples is quartz (50 %). The iron sulphides, pyrite and marcasite, appear in different amounts with some iron oxide (hematite) in most of the samples, together with gypsum, anhydrite, siderite, and ankerite. The clay fraction, formed by illite and kaolinite, is easily identified in oriented aggregates. efficient of the other minerals present (e will always be < 1), the precision of the analysis will be high for small amounts of cinnabar. Cinnabar has the highest mass attenuation coefficient of the minerals present in the samples, followed by the iron minerals (Table I) . The presence of iron minerals will have a great influence in the value of the mass attenuation coefficient of the matrix (formed mainly by quartz with low attenuation coefficient) and, because of this, in the intensity of the cinnabar peak.
Sensitivity of detection
In the detection of a mineral, the sensitivity depends on the mass attenuation coefficient of the other components of the mixture (equation 2).
The relationship between intensity and concentration is linear only when #* =/z*. In all other cases there is a set of curves ( fig. 1 ) that enables the following conclusions about the sensitivity of the detection and the precision of the determinations to be drawn.
If e > i (zone A, fig. 1 ) it is possible to detect relatively large amounts of material ( fig. 2) . The precision of the determinations is then relatively poor for small amounts and it will be better as the concentration increases.
Ifct < 1 (zone B, fig. 1 ) it is possible to detect small quantities of material ( fig. 2 ). The precision of the analysis is good for small amounts of the problem substance and decreases as the concentration of the problem substance increases.
In the studied samples, as the mass attenuation coefficient of the cinnabar is larger than the co-
Analytical peak
For the correct use of a peak in a quantitative analysis by X-ray diffraction, it is advisable to choose a peak of high intensity of the substance to be analysed, as a higher number of counts will have a minor statistical error.
Cinnabar has two peaks of high intensity, at 3.35 A and 2.865 A, but the first could not be used because it interferes with the main quartz peak.
Selection of the analytical method
The accuracy of the analytical results depends mainly on the application of a good system for the conversion of intensities into concentration of the components.
The 'direct comparison' method (Cullity, 1956 ) can only be used for a very restricted number of substances as it is unusual for the problem substance and the matrix to have the same mass attenuation coeff• This method cannot be used here as the mass attenuation coefficient of cinnabar is 198.27 while the coefficient of the matrix ranges from 60 to 120.
The method of 'known addition (spiking)' (Gordon and Nagelschmidt, 1954; Copeland and Bragg, 1958; Cubitt, 1975) involves the inconvenience of mixing the sample. Besides this, it is essential to add material of identical characteristics to the problem substance; this is especially important considering the influence on the X-ray Large changes in concentration lead to small changes in peak height. A2 Large amounts of mineral in a small amount of matrix. Small variations in concentration lead to large changes in peak height. B 1 Abundant matrix with small amounts of mineral. A small change in concentration will produce a large change in intensity. B2 Large amounts of mineral in a small amount of matrix. Large changes in concentration only produce small changes in intensity.
intensity of the grain size and crystallinity of the particles. Another limitation lies in the fact that the mass attenuation coefficient of the sample must be the same before and after the addition, which is very difficult to achieve due to the high mass attenuation coefficient of cinnabar. The 'internal standard' method (Clark and Reynolds, 1936) makes it possible to eliminate the matrix effect, as the internal standard peak and the analysis peak should be attenuated by the same amount and the factor/7* disappears from equation (1). With this method it is possible to obtain high precision and accuracy, but it is time consuming (weighing the sample and standard, homogenizations of the samples, etc.). The main difficulty with this method appears with samples with three or four main components and several minor components as it will be very difficult to find an internal standard whose peaks do not interfere with those already present in the sample.
The'matrix flushing' method (Chung, 1974) , very similar to the internal standard method, has the advantage of not requiring a calibration curve, as all the matrix factors are flushed out of the intensity concentration equation:
Xi is the weight fraction of the.component i, Xy the weight fraction of flushing agent, ki the Reference Intensity Ratio of substance i, I~ the intensity of X-rays diffracted by a selected plane (hkl) of component i, and Iy the intensity of X-rays diffracted by a selected plane (hkl) of the flushing agent. However, although it is accurate and easy to apply, the matrix flushing method involves mixing the sample with a flushing agent, so it has the same basic problems as the internal standard method. The problem of preparation of the samples, together with the dilution caused by the addition of an internal standard or a flushing agent, is very important if the samples contain a low amount of the problem substance. The 'external standard' method and the 'Compton diffusion' method were therefore used in this study.
The 'external standard' method (Alexander and Klug, 1948; Engelhard, 1955) has the advantage of not requiring handling of the samples. It is possible to use the calibration curves obtained from equation (3) and represented in fig. 1 , which allow very good results to be obtained with binary mixtures (Brime and Sancho, 1977) although the accuracy decreased slightly for a larger number of components.
The 'Compton diffusion' method (Sahores, 1969 ) has the simplicity of the 'external standard' method and the accuracy of the 'internal standard'. For its use it is necessary to have a second detection channel in the diffractometer for the incoherent beam, equipment not available at Oviedo. For this reason the study of the samples was carried out at the research Laboratory of the Soci6t~ National Elf-Aquitanie in Pau (France).
External standard. This method, based on the equation (3), allows the use of the curves of fig. 1 for the conversion of the intensity into percentage of the problem substance, once the value of the normalized intensity IN is known. To determine IN, a sample (external standard), which can be either the pure problem substance or a known sample similar to the problem substances, is used.
In the samples studied, whose mineralogical composition was given above, the percentage of the different components was not known, so we could not initially calculate either the value of the matrix mass attenuation coefficient or the value of c~.
The samples, once mounted in the sample holder, were studied in the diffractometer using Ni-filtered Cu radiation, and their intensity was measured with runs at constant angular velocity (t~ To obtain the percentage of cinnabar in each sample it is possible to: (a) Use as external standard a sample of similar characteristics to the average problem sample but whose cinnabar content is known. Assuming that the matrix is formed only by quartz, the cinnabar content can be determined from the curve corresponding to a value of = PSiO2//.tHgS = 0.174. As the standard is not the pure problem sample, the normalized intensity cannot be determined directly by the simple ratio of the intensities of the problem sample and the standard. It is necessary to have previously calculated a factor F (F = (I~4,a,d,,d/(I~),,a,aard) which allows the conversion of the intensity measured with the apparatus (4) into normalized intensity (Is) (Table II, col. 1). This factor F is also used to correct the matrix effect, as the intensity of the standard sample and the problem samples will be attenuated by a similar amount. In this way the values shown in Table II and it is therefore not advisable to use the curve = 0.174, because as the samples contain iron oxides and sulphides and carbonates with a high mass attenuation coefficient (Table I) , the mass attenuation coefficient of the matrix is larger than 34.58 (mass attenuation coefficient of quartz). If, in spite of this, the curve corresponding to a value of = 0.174 is used, the results will have a high negative bias (Table III, 
col. 3).
It is thus necessary to know the mass attenuation coefficient of the matrix to determine the value of and hence the percentage of cinnabar in the samples. To determine this coefficient, a procedure based on the method described by Ferrero (1966) for sedimentary rocks was followed. An important fraction of the samples is formed by clay minerals, which are difficult to quantify on powder diagrams due to the low intensity of their peaks, and due also to the difficulty of calculating their mass (after Ferrero, 1966) . Facing the minerals peak height are corresponding modifications of the initial coefficient. The sum of these modifications and the initial coefficient will give the mass attenuation coefficient of the matrix.
attenuation coefficient, as the composition of these minerals may change. For this reason an arbitrary value of 47, close to the average of their mass attenuation coefficients (Table I) , was chosen. This initial value was later modified following measurement of the intensity diffracted by the different components in the samples ( fig. 3 ). Table III, col 2, shows the values of the mass attenuation coefficient of the problem samples obtained in this way, from which it was possible to determine values of ~ and, eventually, the cinnabar content of the samples (Table III , col. 5).
Both methods have identical precision as they have been derived from the same intensity values. Thus, the differences observed in the results are due only to the kind of method used in the conversion of the intensities into cinnabar %.
In order to assess the degree of accuracy obtained by means of X-ray diffraction determinations, the cinnabar content of the samples was determined by suitable chemical methods, and the values obtained were taken as reference to calculate the accuracy index of the X-ray determinations (AI = 100 x %HgSn/%HgSR). In fig. 4 the accuracy index (AI) of the determinations versus the reference cinnabar content of the samples is plotted. The more accurate results are obtained for ~o ranging from 1 to 2 %.
In fig. 5 the regression lines relating the data obtained with each diffraction method to the % used as reference are plotted. The lines cross at a point, corresponding to a % of 1.5. Compton diffusion. This method (Sahores, 1969) makes it possible to determine the cinnabar content of the samples if the values of the coherent and incoherent intensities are known. Following Sahores (1969) , the Compton intensity for constant experimental conditions is given by:
The ratio Ip/Ic is therefore independent of/7* and it is a linear function of cp since the corresponding calibration curve is a straight line.
To determine the calibration curve for the cinnabar, all that is needed is a set of samples with known contents of cinnabar in which both intensities have been measured (Table IV) . From these values, and using a simple program of linear regression, the following equation was obtained:
This equation represents the calibration line for cinnabar used in the present work to determine its percentage in the problem samples.
." Table IV . the reference values it is not true for the values obtained by method (a). 8 6.91 25.70 The correlation indices are 0.996 and 0.978 respectively which show that with the second of the methods described above, the values obtained are more accurate. This can be explained because in the latter case the correction corresponding to each sample matrix composition was applied, while in the former, as the same correction was applied to all the samples, the results will be exact only if the samples have no variation in respect to the standard sample. Any variation will impart a bias to the results obtained--an excess if its coefficient is smaller than that of the standard sample, or a deficiency if the contrary occurs.
If these results are compared with those obtained for binary mixtures (Brime and Sancho, 1977) it is seen that the accuracy changes with the number of components of the problem sample, with a correlation coefficient of 0.999 for binary mixtures and 0.996 for samples with several components. (6) the cinnabar content of the samples determined (Table  V, col. 2) .
If the accuracy index (Table V, col. 3) is plotted against the cinnabar % ( fig. 6 ), it can be seen that it changes with the concentration, reaching an optimum value for cinnabar contents between 1.5 and 2 %.
The correlation between the experimental results and the reference chemical values ( fig. 7 ) is very good (r = 0.999) for all the samples and is independent of their mass attenuation coefficients. 
Conclusions
After the comparative study of the quantitative methods used, it is concluded that: (a) Analyses made using as external standard a sample similar to the problem ones, are quicker and easier, but also are less accurate. (b) The accuracies obtained by the different methods (Tables II, III, matrix attenuation coefficient using the diagram plotted in fig. 3 , giving values with a relative accuracy of 10% at the 0.1% level. (.q) For the application of the Compton method a calibration curve (equation 6) was established from a set of samples with known composition giving results with a relative accuracy of 5 % at the 0.05 % level. From the above, it can be concluded that X-ray diffraction is a suitable method for routine quantitative analysis because it is quick and nondestructive; the analytical equipment required has many applications and can be applied to any kind of sample.
Finally, the method here described (external standard plus empirical determination of the mass attenuation coefficient) provides an accurate and rapid alternative to the direct measurement of the mass attenuation, Compton diffusion, or to the internal standard methods, having besides the above mentioned the following characteristics: easy sample preparation; quick and simple conversion of intensities into mineral percentages; relative accuracy of 10% at the 0.1% level; independence from the sample composition; shorter time required for the analysis is at least 30 % less than the time required for the same analysis by chemical analysis.
